Introduction
We describe a bone-graft technique, for shoulder arthroplasty in patients with severe glenoid bone loss, that utilizes a "step cut," a trapezoidal bone wedge from the resected humeral head, and graft fixation with screws placed from posterior to anterior through the graft.
The use of bone grafts in total shoulder arthroplasty to correct severe glenoid retroversion or bone loss is a technically demanding procedure. Bone-grafting techniques are challenging and have demonstrated variable clinical results, with a high complication rate due to failure of graft incorporation or loss of glenoid fixation [1] [2] [3] [4] . Nonetheless, grafting procedures provide an alternative for restoring normal glenohumeral stability for patients with excessive bone loss. In cases with more severe glenoid retroversion, generally >20°, bone-grafting of the posterior aspect of the glenoid can improve the surgeon's ability to place the glenoid components in the patient's normal version without excessive reaming of the anterior aspect of the glenoid. Correction of glenoid version is important to prevent eccentric loading. Asymmetric reaming to correct version may result in excessive bone removal such that the glenoid vault will not be deep enough for the surgeon to implant a glenoid component without perforation of the glenoid wall by the component pegs or keel 5 . In addition, excessive reaming may overmedialize the joint line. The bone-graft technique described in this paper utilizes a "step cut" and a trapezoidal-shaped wedge of bone obtained from the resected humeral head. Graft fixation is achieved by placing screws placed from posterior to anterior through the graft to compress the graft into the step-cut surface of the native glenoid.
The step-cut bone graft technique is done in the following stages (Video 1).
Step 1: Preoperative Planning
Carry out preoperative planning for the step-cut procedure.
• Obtain preoperative true anteroposterior (Grashey) and axillary radiographs and a computed tomography (CT) scan of the affected shoulder. • The bone loss and glenoid version for each patient can be evaluated on two-dimensional midlevel axial images, as defined by Friedman et al. 6 , created from a preoperative CT scan. Use of three-dimensional CT imaging, if available, with the method described by Scalise et al. 7 can provide better precision. This validated method, in which the glenoid plane is defined by three glenoid face points ( Fig. 1-A) , allows an overall assessment of the average deformity defined by a plane. Glenoid bone loss is quantified according to the difference from normal defined glenoid anatomy based on the vault model and pathological glenoid articular surface based on midlevel axial cuts ( Fig. 1-B ). • Measure the amounts of bone loss and glenoid retroversion on a preoperative CT scan to estimate the appropriate bone graft size.
Step 2: Surgical Approach and Preparation of the Glenoid
Expose the glenoid for bone graft insertion, taking care to avoid excessive reaming.
• Perform a standard deltopectoral approach followed by either a tenotomy or a lesser tuberosity osteotomy for the subscapularis takedown. • Then perform a standard humeral head osteotomy at the anatomic neck after removing humeral osteophytes as appropriate. • Excise the anterior and inferior aspects of the capsule from the glenoid rim. Excision of the anterior and inferior aspects of the capsule from the humeral to the glenoid insertion improves glenoid exposure and postoperative range of motion.
• Ream the anterior aspect of the glenoid in a trajectory perpendicular to the plane of the scapula to correct glenoid version to neutral 8, 9 (Video 1, Time Point 1:40). Ream the glenoid to a depth necessary to achieve a uniform concave surface on the anterior half of the glenoid from approximately the superior pole to the inferior pole of the glenoid. • After reaming the high anterior side of the glenoid, burr the posterior half of the glenoid from superior to inferior as a "step cut" to a level approximately the same as the largest glenoid defect (area of greatest bone loss) ( Fig. 2 ; Video 1, Time Point 1:49).
Step 3: Prepare the Glenoid Bone Graft
Cut the appropriately sized glenoid bone graft from the resected humeral head.
• Measure the posterior defect with a ruler to determine the superior-to-inferior and anteriorto-posterior dimensions as well as the depth needed for the bone graft (Video 1, Time Point 2:15). • Use these measurements to create a paper template. Place the template onto the step-cut area and ensure that the template is the correct size and shape ( Fig. 3 ; Video 1, Time Point 2:20). Using the template, mark the excised humeral head for graft size and shape. • With a microsagittal saw, cut the bone graft to the correct dimension and thickness (Video 1, Time Point 2:54). The resulting graft should be at least 3 mm thicker than the depth of the measured glenoid bone defect. The graft cut is made to preserve some cortical bone posteriorly, with the remainder of the graft being cancellous bone. The graft has a trapezoidal shape with the thickest part of the graft placed posteriorly, usually about 9 to 12 mm thick posteriorly and about 3 to 4 mm thick medially ( Fig. 3 ).
Step 4: Insert and Fix the Glenoid Bone Graft
Position the bone graft in the glenoid defect and stabilize it with screws.
• To facilitate graft insertion and screw placement, place a lamina spreader on the intact anterior aspect of the glenoid and the humeral osteotomy site ( Fig. 4 ). Position the arm so that the humeral osteotomy surface is parallel to the surface of the glenoid. When the lamina spreader is opened the space created between the humerus and glenoid is sufficient to place the graft without interference from retractors typically placed along the posterior glenoid rim. • Place the bone graft into the glenoid defect and hold the graft with a bone tamp or your fingers (Video 1, Time Point 3:34). Then place 2.0-mm Kirschner wires through a percutaneous stab incision along the posterior aspect of the shoulder to obtain provisional fixation in the center of the graft (Fig. 5-A) . Next place two additional 2.0-mm guidewires above and below the center Kirschner wires in preparation for cannulated screw fixation. • Using the superior and inferior guide-pins, drill for 4.0-mm cannulated cancellous screws through the posterior margin of the graft into the native anterior glenoid vault through the anterior cortex (Video 1, Time Point 3:47); the aim is to place the screws into the thickest part of the bone graft and into the remaining native glenoid ( Fig. 5-B ). The optimal trajectory of screws is shown in Figure 5 -B; the screws need to be placed obliquely in the anterior-posterior plane and at the superior and inferior margins of the glenoid or graft in order to avoid the large central peg or keel component.
Step 5: Prepare the Glenoid Surface
Create an even concave surface between the anterior aspect of the glenoid and the posterior aspect of the graft.
• After the graft is securely fixed, use a burr or a glenoid reamer with light pressure to create an even concave surface between the anterior aspect of the glenoid and the posterior aspect of the graft (Video 1, Time Point 4:29). Take care not to damage the graft or fixation. In most cases, it is safest to use a handheld burr to prepare the surface (Fig. 6 ). • Perform the remainder of the preparation for the implant using the standard manufacturer's instruments for a peg or keeled component (Video 1, Time Point 4:40).
Step 6: Place the Glenoid Implant
Position the glenoid component following step-cut graft implantation.
• Insert the glenoid trial to verify component seating and stability ( Fig. 6 ; Video 1, Time Point 5:05). • Irrigate the glenoid with pulsatile lavage and then hydrogen peroxide or thrombin to optimize glenoid-cement fixation, and then insert the cement in a standard fashion into peripheral peg holes or around the keel. Be sure to avoid placing cement between the glenoid and graft interface. Impact the final pegged or keeled ultra-high molecular weight glenoid component (Fig. 6 ).
Postoperative Rehabilitation
Postoperative rehabilitation is mostly the same as that for standard total shoulder replacement without bonegrafting.
• The postoperative rehabilitation is the same as that for standard total shoulder replacement without use of a bone graft in all respects except for a delay in starting cross-body adduction stretching, which is begun at six weeks rather than our usual protocol of starting it at two weeks. • Typically, patients are treated for two to four weeks with a small pillow abduction sling and passive supine forward flexion and external rotation stretching. Six weeks after surgery, passive cross-body adduction, active elevation, and short-arc Thera-Band strengthening are started. More advanced strengthening should be progressed on an individualized basis.
Results
The range of motion improved significantly in our study of twelve patients 10 (p < 0.001). At the time of final follow-up, the patients had an average of 156.5° ± 17° (range, 110° to 170°) of forward flexion, with an average improvement of 27.2° (p = 0.006), and an average of 49° ± 21° (range, 30° to 90°) of external rotation, with an average improvement of 15.9° (p = 0.03). Patientreported Penn scores demonstrated a good or excellent clinical result in ten of the twelve patients. The total Penn score improved significantly (p < 0.001) from a mean of 38.7 (range, 19 to 52) preoperatively to a mean of 79.4 (range, 17 to 100) postoperatively. Preoperatively, the glenoid retroversion angles averaged 44° ± 14°, and glenoid bone loss averaged 15.2 ± 8.3 mm. At an average of fifty-three months postoperatively, follow-up radiographs demonstrated good graft incorporation with minimal absorption in ten of the twelve patients. Two of the twelve patients had complications associated with healing of the graft and graft fixation that required revision surgery. Two patients had broken screws seen on radiographs at one year and eight years after the initial surgery. 
What to Watch For

Indications
Pitfalls & Challenges
• This technique requires extensive preoperative planning and intraoperative preparation of the glenoid bone graft. • Performing the step-cut procedure and trapezoidal graft placement can be challenging but allows for excellent graft compression and stability. • Screw placement and obtaining optimal fixation length can be technically challenging. Using percutaneous incisions posteriorly can optimize guidewire and screw placement. • We recommend using 4.0-mm cancellous screws for optimal screw selection and fixation.
Clinical Comments
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Figures
Fig. 2
The posterior side of the glenoid is burred as a step cut to a depth similar to the defect.
Fig. 3
The superior-inferior and anterior-posterior dimensions of the prepared posterior defect are measured, and a template is cut to match the shape and size of the posterior defect. This template is then used to mark the humeral head, which is cut to create a graft of the correct size and shape. It should be noted that the graft is thinner on the medial side than on the lateral side. The graft has a trapezoidal shape. The head is cut so that it will be thicker than that of the actual defect.
Fig. 6
The graft and native glenoid are reamed to yield a uniform surface ( Fig. 6-A) . The glenoid is prepared with use of standard methods to receive the fixation portions of the glenoid component ( Fig. 6-B) . A trial component is first placed to verify position and stability ( Fig. 6-C) , after which the final component is impacted ( Fig. 6-D) .
Fig. 4
Access to the joint is achieved by placing a lamina spreader into the joint in contact with the anterior aspect of the glenoid and the humeral osteotomy surface. The posterior aspect of the glenoid is prepared as a step cut. A step cut is made in the glenoid from superior to inferior with use of a burr to a depth that approximates the deepest part of the glenoid defect.
Fig. 5
The bone graft is stabilized with 2.0-mm Kirschner wires ( Fig. 5-A) as well as 4.0-mm cannulated cancellous screws ( Fig. 5-B ).
